Abstract. While pupil tracking under active infrared illumination is now relatively well-established, current iris tracking algorithms often fail due to several non-ideal conditions. In this paper, we present a novel approach for tracking the iris. We introduce a radial symmetry detector into the proposal distribution to guide the particles towards the high probability region. Experimental results demonstrate the ability of the proposed particle filter to robustly track the iris in challenging conditions, such as complex dynamics. Compared to some previous methods, our iris tracker is also able to automatically recover from failure.
Introduction
Visual gaze tracking is of particular interest in many applications [1] , ranging from human-computer interactions to cognitive studies. A first step to estimate the direction of the gaze often relies on tracking eye features such as the pupil or the iris. Then, the point-of-regard can be computed thanks to a mapping between the eye and the environment, usually a planar surface. We refer to [2] for an extensive survey on eye tracking and gaze estimation. In this paper, we address the problem of tracking the iris in close-up images with a low-cost camera and under uncontrolled conditions. In comparison with pupil tracking [3] , iris tracking remains still a challenging task due to eye-(motion, shape variation, eyelid/eyelash occlusion, pupillary dilation, ethnicity), camera-(focus, resolution) and environment-(light variation, passive illumination, external occlusion) dependent factors. It can be categorized into two separate classes: non-probabilistic [4] [5] [6] [7] and probabilistic [8] [9] approaches. Non-probabilistic approaches. They are mostly improvements of the Starburst algorithm proposed in [3] originally designed for pupil tracking. These methods rely on feature detection followed by a RANSAC [10] ellipse fitting. Extensions of the algorithm include : a distance filter and constraints about directions of rays [4] , constraints about size of iris and number of inliers [5] , a limbus-pupil switching mechanism using an adaptive threshold to account for light variations [6] and a constrained search of strong gradients along normal lines under the implicit assumption of smooth movements [5] [7] . Probabilistic approaches. Hansen et al. [8] was the first to propose an iris tracking algorithm based on particle filter. The contour log-likelihood ratio is modelled thanks to a Generalized Laplacian to approximate the distribution of gray-level differences and a Gaussian distribution to consider the deformations along the measurement lines [11] . In [9] , Wu et al. present an iris and eyelids tracking method based on particle filter and a 3D eye model. An intensity cue along with edge computation is employed to update the weights of the particles.
Relying solely on feature detection and ellipse fitting is often prone to failure, even if strong constraints are applied in both stages. Moreover, the iris motion is constrained by the eyeball rotation and hence, a bounded state space could be accordingly defined. However, in practice, such a strategy requires a large number of particles to sample from. Iris distortions also become more important in close-up images and should be considered in the algorithm. In this work, a more general framework is provided to, at the same time, guide and constrain the feature detection and the ellipse fitting. Our contribution is to combine an irisbased detector, namely radial symmetry, and a Sequential Monte Carlo approach to robustify iris tracking and improve state-of-the-art approaches.
Radial symmetry transform
The radial symmetry transform used in our work is the one proposed by Loy et al. [12] . We briefly review the algorithm and for more details, the reader is referred to [12] . The idea behind the radial symmetry transform is to accumulate orientation and magnitude contributions at different radii from a position p = {x, y} in the direction of the gradient:
where r ∈ N r is the radius with N r being the discrete set of radii and g(·) is the gradient computed thanks to the 3x3 Sobel operator. At each step, orientation and magnitude projection images are updated depending on positively-or negatively-affected pixels:
For each radius r, the radial symmetry transform then becomes:
where A r is Gaussian filter that allows spreading the symmetry contribution, α is the radial-strictness parameter and k r is a normalizing factor so that M r and O r can be represented on a similar scale.Õ r (p) and k r are given by:
Finally, the symmetry contributions can be averaged over the set of radii:
Particle filter. Let x t ∈ X denote the hidden state and z t ∈ Z the observation at time step t. The principle of the particle filter is to infer the marginal posterior distribution p(x t |z 1:t ) of the state x t given the observation sequence z 1:t . Given Bayes' theorem and the Chapman-Kolmogorov equation, it can be expressed by the following Bayesian recursive formula under a first-order Markovian assumption:
However, in practice, because the integral is intractable, this distribution is approximated by a set of weighted samples {x
:
where δ(·) denotes the Dirac function and the unormalized weights are sequentially updated according to:
Typically, the proposal distribution is set equal to the prior transition leading to a simplified update scheme known as the Bootstrap filter or Condensation algorithm [13] :w
State space. The iris shape is represented by an ellipse :
where (c x , c y ) are the center coordinates, (a, b) the semi-minor/major axis and θ the angle of the ellipse with respect to the horizontal axis. Dynamic model. The idea of including a detector within the particle filter to boost the tracking, is not new and was proven to be very effective [14] . Furthermore, radial symmetry transform is well-suited to detect pupil and aid to locate iris in non-ideal conditions [15] . It relies only on the boundaries which makes it suitable to ignore specular reflections (often located inside or outside the iris).
In our work, we apply the radial symmetry transform at a low resolution on a restricted set of radii based upon the iris size at t − 1. Moreover, because the iris is darker than its surrounding, only negatively-affected pixels p − resulting from strong gradients are considered. To integrate the radial symmetry detection, the proposal distribution is modelled by a mixture of Gaussian distributions:
where α is the mixture coefficient. If α = 0, the proposal distribution equals the prior transition i.e. the particle filter is only driven by a random walk. The advantage of the proposed state evolution is that it makes use of the current observation thanks to the strong detector in order to generate particles in the region of high probability and allows recovering from failure. Particles are generated thanks to:
(10)
. Σ 1 favors iris deformations and Σ 2 puts more emphasize on translational movements. The principle of the radial symmetry guided particle filter is depicted in Fig.1 .
is not straightforward as compared to [14] . The radial symmetry detector only provides an estimate of the center. For the remaining parameters of the state model, two main strategies are possible : either the shape and orientation of (i) each particle or (ii) the estimated state at t − 1 are kept. These strategies have a non-negligible impact on tracking : the latter one allows much more freedom in deformation than considering each particle independently. Based on this observation, we intuitively chose the first approach because the iris keeps the same size, even if it is occluded. This intuition was then confirmed experimentally. Likelihood estimation. As a trade-off between tracking robustness and computational cost, we use a simple yet effective likelihood model based on contour information. Under conditional independence assumption, we define the joint measurement density by:
with Ω a discrete set of N M L measurement locations of length L and:
where ν o and ν m denote respectively the reference and the detected feature point on the normal line to a hypothesised contour. The gradient magnitude projected on the normal line at ν m is also incorporated in the likelihood to provide higher weights to boundaries having larger magnitudes. [8] instead assumes a homogeneous intensity distribution inside and outside the object through the Generalized Laplacian. Confidence measure. In some cases, the detector is not reliable and is attracted by spurious distractors. However, the likelihood evaluation sometimes alleviates the problem of false positives. To further mitigate tracking failure, we
Algorithm 1 Proposed iris tracker
Input -Set of weighted samples {x
Resampling : Duplicate high-weighted particles and eliminate low-weighted particles to form a new set {x 
Output -Estimated state given by (15) .
introduce a confidence measure acting on the guidance strategy: if the symmetry contribution is low, the output of the detector is not reliable and (ii) if, furthermore, the distance to the detector is high, the output of the detector is ignored. The product of the Gaussian distributions allows assuming an uncertainty about the high/low transition of the symmetry contribution. The hard decision given by the confidence measure serves then to modify the mixture coefficient α of the proposal distribution:
with α d a user-defined threshold reflecting the mixture strategy. Local refinement. For visualization, the point estimate is given by the maximum a posteriori (MAP) state estimate:
which is refined to locally capture boundaries. Feature points are detected along normals to the ellipse and the best fitting ellipse is computed using a RANSAC method such as in [4] . Within the ellipse fitting step, the evaluation of the ellipse follows 2 criteria: 1. Similarity in size : Tracking initialization. In order to initialize the tracking algorithm, the prior density p(x 0 |z 0 ) p(x 0 ) has to be defined. We represent it as a Dirac function centered at the position given by the non-probabilistic approach described in [4] with the seed point obtained by the radial symmetry transform.
Experimental results
The algorithm was implemented in C (non-optimized) and tested on an Intel Core i5 CPU 2,27 GHz and runs in real-time at less than 40 fps with a resolution of 640x480. For visual assessment, the reader is invited to see video demos at: http://people.isir.upmc.fr/martinez.
Datasets. Unfortunately, there exists no publicly available database of iris videos. For this reason, experiments were carried on a self-made database consisting of 5 subjects (3 Europeans, 1 African and 1 Asian). Videos were captured with a webcam running at 30 fps and providing unfocused images. Hand labeled ground truths, c x and c y , were estimated for each video. Please note that annotation of noisy iris images introduces an error highly dependent on the iris size. Performance measure. The robustness was experimentally evaluated instead of the accuracy (being similar to the other iris trackers). We define a robustness measure by the percentage of successful tracked frames :
with N S the number of successful tracked frames and N T the total number of frames. A successfull track is determined by setting a threshold τ s relatively to the average semi-minor/major axis. The percentage of abrupt motion, P m , and the percentage of detector-generatedx M AP t , P d , are also indicated in the table. Parameters setting. All parameters have been experimentally set, but most stayed unchanged for the whole dataset. N , N M L , L and α d were respectively set to : 50, 30, 20 and 0.5. The optimal number of particles was computed by averaging P s over the 5 subjects and is given in Fig.2 (a) . Results. Table 1 shows the results obtained for the 5 subjects. Fig.2 (b) shows snapshots of the abrupt motion dataset. Although the videos exhibit large iris movements and significant blur, the proposed method is able to track the iris. According to P d , one can notice that the more abrupt motion occurs, the more the MAP estimate is generated by the detector. The presented particle filter was also compared against other methods to evaluate its robustness : (i) the nonprobabilistic tracker proposed in [7] , (ii) our tracker without radial symmetry knowledge for N = 100 and Σ 2 slightly increased (it actually has a behaviour similar to the one described in [8] ) and (iii) our full tracker with radial symmetry knowledge. Results showed that all approaches perform well under smooth motion. However, state-of-the-art trackers are not able to track the iris when large-amplitude motion occurs. An example of such behaviour is illustrated in Fig.2 (c) . The reason of track loss are that state-of-the-art methods do not incorporate specific knowledge in order to model the iris and especially rely on modelling and detecting the contour. On the contrary, the radial symmetry transfom provides two iris-specific information guiding the tracking: (i) a closeto-radial shape due to the contribution of convergent gradient directions and (ii) a sharp limbus by only keeping negatively-affected pixels. Furthermore, even if our tracker fails in some situations, such as eyelid occlusion, it still can quickly recover from failure which was never the case with the other methods. This last crucial point opens the door towards long-term and fully-automated tracking systems, not yet handled by state-of-the-art iris trackers.
Conclusion
The key idea presented in this paper is that iris tracking can be enhanced by embedding radial symmetry knowledge into the particle filter. Experimental results have shown the effectiveness of the proposed approach compared with state-ofthe-art approaches to cope with complex dynamics and track loss. However, there is still room for improvement. Iris side-appearance can significantly affect the radial symmetry detector and should be better modelled to handle stronger elliptical shape and partial occlusions. Future works could be also to model the eye state (open/closed) to handle eyelid occlusion while tracking and to integrate a gaze estimation method to infer the point-of-regard.
